The traditional calculation of minimum reelable wall thickness assumes that there is no variation in pipe properties, and that the curvature increases to a maximum on the reel. When a designer checks that a pipe will not buckle during reeling, the designer is usually checking that the curvature at which the peak plastic moment occurs is less than the vessel reel curvature. Design codes specify appropriate safety factors to ensure this requirement is met, where the curvature at which the peak plastic moment occurs is based upon the testing of pipes under pure moment loading.
INTRODUCTION
The rigid reeled installation process is a fast and cost effective method for the installation of high quality pipelines since the welding and inspection process is conducted away from the vessel critical path at onshore fabrication facilities. The CSO Deep Blue has installed pipelines up to 457.2mm steel outside diameter (OD). The reeled installation process imposes significant curvature and plastic strain on a pipeline during installation which introduces the requirement for a wall thickness that is sufficient to prevent buckling. This minimum required wall thickness may be in excess of the wall thickness required to resist hydrostatic collapse and in-service loading, and hence it can be the limiting requirement that governs the design. There is therefore a significant desire to optimise this wall thickness requirement.
To calculate the minimum wall thickness required for reeled installation the traditional approach is to use design codes, such as API RP1111 [1] . Design codes specify equations and safety factors that can be used to ensure that buckling of the pipeline will not occur during the reeled installation process. The equations, and the theoretical background upon which the code requirements are based, come from the results of the testing of pipes under pure moment loading [2] . These design code based calculations of the minimum required wall thickness do not, however, explicitly account for any variation in pipe properties; and further they assume that the curvature increases to a maximum value on the reel.
When designers check that a pipe will not buckle at the maximum curvature on the reel using a design code method, they are actually checking that the curvature at which the peak plastic moment occurs is less than the vessel reel curvature, including a safety factor.
However, it is known that mismatches in pipe strength between adjacent pipe ends at a weld can cause high localised curvatures in excess of the reel curvature. The occurrence of the high localised curvatures is not explicitly dealt with in the design code calculation method. It is however accounted for in the safety factor, the magnitude of which is set using recommendations in the code, or as is the case with the Technip in-house criterion, it is based upon a combination of the pipe purchasing specification and past installation track record.
To explicitly assess whether the occurrence of high localised curvatures is acceptable, a reliability based assessment is required [3] . In a reliability based assessment a detailed understanding of the deformation mechanisms and loadings that occur during reeling is required in combination with detailed knowledge of the variation in the properties of the pipe to be reeled. The assessment method estimates the probability of the occurrence of different levels of mismatches in pipe strength between adjacent pipe ends and considers their consequences by using FEA simulations. It is therefore able to assess the potential frequency for buckling occurring on the vessel during the reeling cycle. The occurrence of high localised curvatures is, for the vessel and pipe property variations being considered, acceptable if the reliability of the process is found to be sufficiently high in comparison to accepted target reliability levels.
The assessment process is dependent upon the accuracy of both the FEA simulations of the reeling process and of the pipe property distributions.
This paper describes the work performed to verify the results of the reliability assessment. It describes the reeling process and it considers the ability of the FEA simulations to model the pure moment buckling phenomena. It then describes the key detailed deformation mechanism that causes buckling during reeling, and contrasts this with pure moment bending. The verification testing performed to assess the ability of the FEA simulations to model the mismatch reeling buckling phenomena is then described.
Having considered the FEA simulation techniques used in the reliability assessment, a review of the characteristics of the pipe property variations that may occur is presented. This review demonstrates the complexity in describing pipe property variations using statistical distributions. It shows that different pipe manufacturing methods result in quite different types of geometric property variations, and potentially also different levels of material property variations. The reliability levels attained on the CSO Deep Blue for the rigid reeled installation method are then discussed and the applicability of the Technip in-house minimum reelable wall thickness criterion is therefore demonstrated.
THE REELING PROCESS
A pipe follows a number of bending processes during the full reeling cycle. This full installation cycle is briefly described for readers who are not familiar with the rigid reeled installation process.
To illustrate the process, a sequence of pictures, Fig 1 to 4 , is used showing the installation of a 457.2mm OD pipeline. The pipeline shown was the world's first pipeline of that OD that was installed using the rigid reeled installation method [3] . The sequence demonstrates the significant curvature and plastic strain on a pipeline during the rigid reeled installation process and it gives an appreciation of why there is a requirement for a wall thickness that is sufficient to prevent buckling.
The pipe is first bent around the reel of the vessel, point A in Fig 1, and shown in more detail in Fig 2. The radius of curvature varies from the reel hub radius of approximately 9.75m up to approximately 15m radius as the reel is gradually filled with pipe. The pipe yields due to the curvature of the reel. The pipe then undergoes plastic bending such that the pipe is almost fully straightened in the span between the reel and the aligner, point B in Fig 1. On the aligner, point C Fig 1 and Fig 3, the pipe is plastically bent to a radius of approximately 10.5m, to give all pipe a common curvature prior to straightening, irrespective of the radius it was curved to on the reel i.e. the curvatures are aligned prior to straightening. When the pipe passes through the straightener, point D Fig 1 and Fig 4, the pipe is plastically deformed to a negative curvature that will result in the pipe elastically relaxing back such that it is physically straight to within the required tolerance when there is no load applied to the pipe. 
FEA MODELLING OF PURE MOMENT BENDING TESTS
The peak plastic moment of a pipe, Mp is defined as the maximum moment that can be sustained by the section. This can be simplistically defined as being a function of the diameter, wall thickness and yield strength. The post-yield strain hardening and ovalisation of the section also have an effect which is readily accounted for using FEA techniques.
The calculation of the minimum reelable wall thickness has traditionally been based on ensuring that the curvature at which the peak plastic moment Mp occurs is greater than the vessel reel curvature. That is, the maximum moment during the reeling cycle is less than Mp. The theory is that the moment capacity in the pipe is still increasing with increasing curvature and therefore the bending behaviour is stable and a buckle cannot occur. The current Technip minimum reelable wall thickness criterion is derived from the experimental results of pure moment bending tests collated in the Murphey and Langner 1985 paper 'Ultimate Pipe Strength Under Bending, Collapse, and Fatigue' [2]. This paper recommends limiting peak curvature to the curvature (κ b ) at which the peak plastic moment occurs, or less. A study of this paper and pure moment loading on pipes was performed here to establish a basis for the further work performed.
Using results for two pipe diameter to wall thickness (D/t) ratios from the Murphey and Langner paper, FEA analyses were performed to demonstrate the ability of FEA to accurately model the pipeline buckling phenomena. Two pipe sizes were chosen, they represent the current thinnest walls recommended by the Technip criteria for reeling 323.9mm OD and 457.2mm OD pipe sizes on the Deep Blue.
The FEA models consisted of 10m long shell element meshes that were bent under a pure moment loading in order to determine the curvature at which a visible local buckle occurred. Both 323.9mm OD and 457.2mm OD pipe sizes were analysed. The analysis of these two sizes was performed to ensure that the proposed FEA mesh could capture, reasonably well, local wall instability during reeling and produce comparable results to the Langner tests. The material properties used were actual monotonic test results which were representative of mid strength API 5L [4] X60 grade linepipe steel. Figure 5 shows the moment curvature behaviour of the FEA model for the 323.9mm OD pipe size. The peak plastic moment occurs at higher curvature values than is predicted by the API empirical curvature limit which corresponds to peak plastic moment [1] . In both cases the FEA models buckled at the lower end of the spread of curvatures at which visible buckles occurred in the tests [2] . The curvature at which a visible local buckle occurs, for both sizes, is approximately three times the reel curvature of the CSO Deep Blue, which is approximately 0.1 rad/m. The FEA models were shown to reproduce, with a degree of conservatism, the results of the Langner tests. This gave initial confidence in the use of FEA to predict the onset of buckling in the actual reeling process. The ability of FEA to simulate the onset of buckling during reeling has subsequently been verified by deliberately buckling pipe under simulated multiple reeling conditions.
FEA MODELLING OF REELING
It is known that mismatches between adjacent pipe ends are the limiting factor during reeling as this causes local high curvatures and in extreme cases local buckling.
The deformation mechanism differs from a pure moment test which uniformly bends a significant length of pipe, as the high curvature is very localised. The pipe either side of the location of high localised curvature bends significantly less than the location where buckling may occur.
An FEA model of the full reeling process onto the CSO Deep Blue has been created.
The model reflects the geometrical position and kinematic characteristics of all the principal pieces of equipment in the system and incorporates all relevant contact surfaces to which the pipe is exposed. The model simulates spooling of pipe onto the reel by rotating the reel through a number of time steps (the units of time are arbitrary as the analysis is quasi-static). The simulation is of a pipe with a large mismatch in strength, an occurrence of which is statistically relatively unlikely, but which is sufficiently large to illustrate the deformation mechanism associated with a mismatch event.
The case described is of a weak pipe trailing a strong pipe. It can be demonstrated analytically and from past experience and previous studies to be the most critical case for reeling on. For a particular level of moment mismatch, if you can reel a weak pipe following a strong pipe onto the reel hub then it will always be possible to reel a strong pipe following a weak pipe onto the reel hub.
The moment required to form a pipe section to a given curvature is generated from the pipe immediately following it onto the reel. Figure 6 shows the bending moment diagrams for various times during an FEA simulation of reeling pipe where a mismatch in strength is present. The curve for an analysis step time of 0.265 shows a peak in the bending moment at the pipe touchdown point onto the reel, at a pipe position of 6.75m. Moving away from the pipe touchdown point the moment decreases towards a pipe position of 2.0m. A particular pipe position measurement refers to a particular fixed location on the FEA model, the weld between the weaker and stronger pipe is at a pipe position of 5.0m.
Figure 6: FEA Pipe Bending Moment Diagram Various Step Times
The slope of the bending moment diagram is very significant. The rate of this decrease in the moment in the pipe is a function of the tension in the pipe during reeling on, the vessel equipment layout and the pipe size and material properties. The vessel geometry and equipment layout is particularly important and must be modelled correctly. This is to ensure that the loading and constraint on the pipe is correct as the deformation mechanism develops.
The upper horizontal line in Fig 6 indicates the plastic moment capacity of the stronger pipe that is leading onto the reel. As stated above, the moment required to form a pipe section to a given curvature is generated from the pipe immediately following it onto the reel. The weaker following pipe has a substantially lower plastic moment capacity, shown by the lower horizontal line. However because the bending moment reduces away from the touchdown point, it is possible for the weaker pipe to be able to provide a sufficiently high bending moment at the touchdown point to form the stronger pipe to the required curvature. This is possible up until the point in time when the weld between the weaker and stronger Rad/m pipe gets to within a certain distance of the touchdown point of the pipe onto the reel. When this occurs the weaker trailing pipe is no longer able to generate a sufficiently high bending moment to continue fully forming the stronger leading pipe onto the reel. Figure 7 shows the distribution of longitudinal strain in the FEA model at the point in time when the longitudinal strain in the weaker trailing pipe reaches the strain levels seen in the stronger leading pipe. The plastic moment in the two pipes will not have reached the peak plastic moment of either pipe at this point. This is because the Technip wall thickness criteria follows the design code practice of ensuring the curvature at which the peak plastic moment occurs will be greater than the reel hub radius curvature. It should also be noted that the location where the peak strains occur is not in the immediate vicinity of the weld. The distance annotated as the jump distance is a purely descriptive term and is defined as the distance of the weld from the touchdown point at this moment in time. From this point in time in the analysis (0.265) onwards, the strains in the weaker pipe will continue to rise. The location at which the strains localise in the weaker pipe is at a pipe position of approximately 0.5m from the weld location. The stronger pipe will continue to deform onto the reel but the moment that can be reached in the stronger pipe will be limited by the plastic moment capacity of the weaker pipe. The rate at which the stronger pipe is touching down slows due to the strain localisation in the weaker pipe. This results in a movement, to the right in the plot, of the touchdown point onto the reel. Figure 8 shows the touchdown of the weaker pipe back onto the reel. The very small lift-off at the location of the peak strain can be seen. At this point the axial strain in the weaker pipe has reached its peak and is displacement controlled by the fact that the pipe has touched firmly down onto the reel. Figure 6 shows that the bending moment diagram in the interval from 0.335 to 0.355 has not significantly changed which is consistent with the inability of the weaker pipe to continue to bend the stronger leading pipe. Once the weaker pipe has touched down on the reel, it will start to be formed to the reel curvature. Figure 6 shows a significant lowering in the bending moment curve at an analysis time of 0.395 as the peak plastic moment of the weaker pipe is substantially lower than that of the stronger pipe. The new touchdown point can be clearly seen to be at a location of 2.0m from the weld. At this location in the pipe, the moment will build to be equal to the plastic moment of the weaker pipe when curved to the reel curvature as the pipe recommences forming to the reel hub radius.
The moment at which this occurs is directly related to the reel diameter, the larger the reel the smaller the localised curvature increase before the pipe touches back down onto the reel. This is a strain controlled situation so long as the compression in the pipe wall is stable. The location, on the pipe, where the localised increase in curvature occurs does not move with differing mismatch levels, and consequently the amount by which the curvature can increase is dominated by the plastic moment mismatch and the reel curvature.
The situation shown was the case of a weak pipe trailing a strong pipe. The case of a strong pipe trailing a weak pipe is less critical in the case of spooling. In both cases the deformation mechanism that occurs during reeling over a curved former is a stable and effectively strain controlled mechanism. The controlling factors are known to be mismatch magnitude, pipe size, reeling tension, vessel geometry and reel radius. For a stable deformation, for a given moment mismatch, the strain level is the same whether it occurs due to discontinuous yield strength or wall thickness.
The allowable curvature can be much greater than is possible under pure moment loading as the adjacent pipe crosssections experience significantly lower strains and stabilise the section. This is a significant difference between the pure moment case and the reeling case. As it is a different mechanism it also required that the FEA modelling of the reeling case be verified by further testing.
FEA MODELLING OF MISMATCHED PIPE REELING TESTS
The specific mechanism of interest is the detailed behaviour at a mismatch in pipe strength between two adjacent pipes during reeling, not pure moment bending of a single pipe. This mechanism is different from the buckling collapse mechanism in the pure moment tests.
To
The magnitude of the mismatches in strength were selected to induce significant and measurable local deformations during bending, in order to provide an improved understanding of the mechanisms involved and to provide data for validation of the FEA models. There is no axial tension applied to the pipe during the bend test. This grossly amplifies the effect of the mismatch.
The test procedure and the extensive test measurements taken during the tests are described in detail by Brown and Howard [5].
To achieve a buckled test string, the simulated test of a single vessel installation cycle had to be repeated several times, with buckling occurring during the simulation of the aligning stage of the third simulated installation cycle. The buckled test string is shown in An FEA simulation of the test that resulted in a buckled pipe was performed. The measured material properties and wall thickness of the test string that buckled were used. The FEA simulation also predicted a buckling failure during the aligning stage of the third simulated vessel installation cycle. Figure 10 shows the deformed shape of the FEA mesh when buckling occurs. Two of the other test strings were subjected to a single vessel installation cycle, and then collapse tested under external pressure to provide data on the collapse performance of a pipe which has experienced a localised curvature increase due to a mismatch in pipe strength. Of particular note is the location of the collapse shown in Fig. 11 . It shows the significant influence of the stronger pipe at the mismatch. The findings of these collapse tests are being used in a study of using the reeling process when installing pipe in ultra deepwater, where the collapse behaviour of the pipe is the limiting criteria. In this study paper the reliability calculation is only concerned with the selection of a minimum wall thickness to prevent buckling of the pipe on the installation vessel.
Figure 11: Buckled Mismatched Test String
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The extensive and detailed measurements made during the tests [5] have allowed the FEA simulations to be checked for accuracy, for a variety of installation scenarios. This verification of the FEA is an important aspect of the overall reliability assessment, the minimisation of the uncertainty in the FEA modelling improves the confidence in the assessment results. The adequacy of the FEA modelling could have been verified to a certain extent using the results from Murphey and Langner [2]; however, the mismatch reeling trials studied the specific deformation mechanism of interest and were very carefully measured [5] thereby providing a more comprehensive and thorough verification.
PIPE PROPERTY VARIATION CHARACTERISTICS
Describing the variations in pipe properties as statistical distributions is a key part of the reliability assessment procedure.
Considerable effort has been employed in characterising the property variations of both seamless and submerged arc welded (SAW) pipe. Variations in both geometric and material properties are strongly influenced by the manufacturing method. Pipe manufactured from plate material tends to be closely controlled [3] whereas seamless pipe, by virtue of its manufacturing process, will typically show larger variations in properties, especially in geometric properties. Ovality of linepipe is an important topic which principally influences alignment for welding and collapse behaviour. The term ovality itself gives an impression that the pipe out of roundness is similar to an elliptical shape however this is far from what has been found to be the case. Using the internal ovality tool described by Brown and Howard [5] an extensive study was made of both SAW and seamless linepipe internal shape. It was found that the internal ovality shape was relatively constant along the length of an individual joint of pipe, and there was a characteristic shape associated with each manufacturing method. Figure 12 shows the characteristic four lobed shape of the majority of seamless linepipe. The deviation of the shape from a best fit circle is highly exaggerated for clarity. This is the most common shape type with only occasional pipes displaying a two lobed oval shape. Figure 13 shows the characteristic shape of SAW pipe, which is dominated by the shape of the expansion shoes. The deviation of the shape from a best fit circle is highly exaggerated for clarity. The shoes are not continuous around the entire ID and are often not exactly the same curvature as the final desired ID of the pipe. The variation in OD of any pipe is a closely related to the ovality of the linepipe and can be obtained from the extensive accurate internal measurements in combination with wall thickness measurements.
Figure 13: SAW Pipe Exaggerated Internal Shape
Due to a lack of available information to the standard and detail required by Technip, a programme to explore the nature of the wall thickness variations in seamless pipes was undertaken. Four 10 km pipelines (6, 10 and two 12 inch) had been surveyed using an ultrasonic tool prior to spooling. These pipes had the nominal wall thickness in the range 12.7mm to 21.3mm. Measurements were taken continuously along the entire length at numerous points around the circumference. A relatively broad cumulative distribution function for thickness was obtained. It was found that each individual pipe is characterised by very large variation in wall thickness, almost as large as the maximum allowable variation. Moreover, there is a visible "thickness pattern" which is actually the eccentricity of the inner diameter to the outer diameter. This eccentricity characteristic has generally been acknowledged to occur.
Interesting observations were made concerning the wall thickness distribution within an individual pipe. An example contour plot of wall thickness is shown in Fig 14. This is a developed surface, the axes show longitudinal and circumferential dimensions. The darker colours correspond to high thickness and lighter to low thickness.
Although the maximum range of seamless pipe wall thickness is potentially very large, it would be very simplistic and conservative to assume the possibly of having very thin seamless pipe welded to a very thick one. It is simply impossible since the pipe wall thickness varies considerably within each pipe.
It was found possible to characterise the variation in wall thickness as a variation in eccentricity and a variation in average wall thickness at any crosssection.
Using the distributions of eccentricity and average wall thickness it was shown that the plastic moment capacity of a seamless pipe is dominated by the variation in average wall thickness at a cross-section. The eccentricity only has a minor effect on the plastic moment capacity of the pipe, with small variations occurring as the bending axis is varied. Also the spiral variation in wall thickness indicates that low wall thickness areas are bounded by higher wall thickness areas in both the longitudinal and circumferential directions, which will have an influence on local buckling behaviour.
The nature of yield strength and hardening slope variation is different in seamless and welded pipes and it depends mainly upon the manufacturing process. To further complicate matters, the yield and hardening behaviour also evolves due to the cyclic plastic straining that occurs during reeling. The dominant evolution is due to the well known Bauschinger effect. Figure 15 shows an example of the cyclic longitudinal response of typical material from a seamless pipe. The initial yield and hardening slope displays a clear Luder's plateau with the reduced effective yield strength due to the Bauschinger effect clearly seen upon strain reversal. The initial yield and hardening slope of SAW pipe does not display a Luder's plateau due to the straining imposed during the manufacturing process. It does however display a strong anisotropy due to cold expansion during the last stage of the manufacturing cycle.
The behaviour during repeated cyclic straining is similar to that of seamless pipe material.
Figure 15: Typical Seamless Pipe Cyclic Material Response
Technip have developed statistical distributions for all the key pipe property variations, and these are developed and updated on a continuous basis as more knowledge and data becomes available. As can be seen from the complex variations in properties this is a significant task, but one which is fundamental to performing a reliability assessment.
RELIABILITY CALCULATION METHOD
To perform a reliability assessment incorporating the effects of all known property variations would be computationally prohibitive as it would require extensive and numerous FEA simulations to be performed. The approach taken has been to explore the sensitivity of the failure mechanism to particular property variations and the interactions between property variations. This enables the key property variations that affect the overall reliability to be identified. Property variations that have a lesser effect are currently accounted for by using a conservative deterministic value that will result in lower bound reliability value, for example the hardening slope is taken to be a lower bound value as this gives a lower resistance to buckling.
As described earlier, the case of a weak pipe trailing a strong pipe onto the reel hub is the most critical case. It was also demonstrated that if it was possible to successfully reel a certain mismatch level of this type onto the reel hub, then it was possible to complete the full reeling cycle. This finding is dependent upon the extent to which the pipe tension can be controlled during all stages of the reeling installation process and the equipment settings used. This will inevitably be dependent upon the particular installation vessel being assessed. The problem is thus simplified into a computationally feasible problem without compromising the validity of the answers that are obtained. The answers are representative lower bound predictions of the reliability of the process.
A first order reliability analysis method (FORM) example is presented that calculates the probability of buckling during the rigid reeled installation process on the CSO Deep Blue of a 323.9mm OD, 12.7mm WT seamless pipe made of API 5L X65. The method is presented as a simple two parameter problem as this simplifies the graphical presentation of the results. The key property variations selected were the wall thickness variation, and material yield strength variation. The distributions used are applicable to pipe that is purchased to the usual Technip pipe purchasing specification. This specification specifies preferred variations in yield strength, yield to tensile strength ratio and geometric shape.
Using some simplifications in the actual wall thickness and yield strength distribution functions, variables W and Y, it is possible to express these variations in terms of variables A and B defined as
A and B can be thought of as the difference of the property from the mean value of yield strength µ Y and wall thickness µ W , respectively. The distributions of A and B have zero mean value and standard deviation equal to the standard deviation of Y and W, respectively. A and B can reasonably assumed to have normal distributions. In this study problem we are only concerned with the probability of buckling for the case where the strong pipe is leading onto the reel, thus A and B will only take on positive values. It is possible to conservatively account for the cases where the weak pipe leads onto the reel, when A and B will take on negative values, by simply doubling the final probability of buckling.
Once the parameters that can contribute to pipe buckling are identified (A, B), it is necessary to find the combinations of these which cause buckling. The combinations that result in failure describe the boundary between the safe and unsafe regions. Figure 16 shows the results of FEA simulations performed with different combinations of the random variable realisations A and B. Each dot represents an FEA simulation, in total 80 simulations were performed to carefully describe the failure boundary. The small dots in Fig 16 correspond to the cases where the pipe did not buckle while big dots correspond to the cases where the pipe buckled during reeling. With experience it is possible to minimise the number of FEA simulations required, which allows an increase in the number of parameters. As the number of parameters increase it does however become more difficult to describe, and consequently to find, the failure surface. This has the effect of substantially increasing the number of simulations required to search for the failure surface location. The approach of progressively increasing the number of parameters as the problem is investigated has much to commend it.
The results are represented in the form of mismatches due to wall thickness and yield strength. The mismatch is defined as
where Μ 1 is the plastic moment of the strong pipe and Μ 2 is the plastic moment of the weak pipe In a FORM analysis, the design point is the point on the boundary line which is the closest to the origin in standard normal space. The design point is the most probable combination of A and B that would cause buckling. To find the design point the variables A and B must be first transformed from the physical space into the standard normal space, Fig 17. The distance from the origin to the design point is the reliability index β. This index, once calculated, is used to evaluate the probability of failure P f = Φ(−β) where Φ is the standard normal distribution function. In this case, the probability of failure was predicted to be approximately 3x10 -9 . This value corresponds to the probability of failure of a single pipeline joint. The probability of failure for the total length of pipeline depends on its length and on the length of a single pipe, or in other words on the total number of joints.
TECHNIP MINIMUM REELABLE WALL THICKNESS
The probability of failure of a single pipeline joint given in the previous section is typical of the probability of failure on the CSO Deep Blue for any pipe OD with the minimum reelable wall thickness as determined by the Technip in-house criterion.
Even considering a long pipeline length of approximately 100km, the probability of a buckling failure occurring on the vessel during installation is at the very least an order of magnitude less than normally accepted industry standards.
Studies have been performed to determine the sensitivity of the probability of failure to the different inputs, both the uncertainty in the FEA simulations, the pipe property variations and the number of and type of parameters considered as random variables. The results consistently show that more than adequately high reliability levels are attained for pipe purchased to the Technip specification and installed by the CSO Deep Blue. Comparable results have also been obtained for pipe purchased to the Technip specification when installed by the CSO Apache.
The main extra requirement of the Technip purchasing specification compared to the API5L specification [4] is a limit on the range of yield stress and yield to tensile strength ratio. This is required as API5L does not impose an upper limit on material strength. Imposing an upper limit on the material properties reduces the probability of large strength mismatches occurring. Modern steel mills can readily achieve the desired variations in material properties. The extra requirements imposed by geometric shape variations by the Technip specification are less important, but again are readily achievable by modern pipe mills.
The reliability based assessment method is able to explicitly consider the effect of different pipe property distributions, for example it can be used to consider the effect of pipe with a broader spread in material yield strength than is usual. The reliability based assessment method allows pipe conforming to any purchasing specification to be assessed for its suitability to be installed using the rigid reeled installation method. The method is also able to determine the probability of failure for alternative criteria other than buckling, and this is an ongoing area of study.
CONCLUSION
The Technip in-house criteria for determining the minimum wall thickness requirements for the rigid reeled installation method has been shown to give a more than adequate reliability level for the failure mode of buckling on the vessel. The criterion is an empirical method based on a simple formula in combination with a particular pipe purchasing specification. Pipe procured to alternative pipe purchasing specification can be readily assessed for its suitability to be installed using the rigid reeled installation method.
The reliability assessment methods developed to verify the applicability of the Technip minimum reelable wall thickness criterion can be used to quantify the level of conservatism in a design, and in the future the techniques will provide a means by which designs can be further optimised. 
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